This paper investigates the effects of separation strategy and parameters related to deployment on the dynamic behavior of multitethered chain-type satellite system. The system, including several satellites connected by tethers which are considered as massless and straight, is modeled as an extension of a two-body dumbbell tethered system. The dynamic equations of system in absence of perturbations and external disturbances are derived using Newtonian Method. To observe the effect of deployment rate on the motion of system, a parametric analysis of the deployment of a three-body tethered system with different deployment rates is carried out. Moreover, a four-body tethered system is used to investigate the effect of separation strategies on the dynamic behavior of system during the deployment phase. The numerical results suggest that the system with simultaneous separation costs less time to complete the deployment. If the ratio of deployment rates is in consistence with that of their desired lengths, the tethers deployed simultaneously would have a synchronous motion. It is also observed that the system employing separation bolt has a better performance than the system separated by spring mechanism since the larger separation velocity which is not along local vertical may cause a rotation.
Introduction
Tethered satellite system (TSS) is an interesting concept, made up of several satellites linked by the means of tethers, and has received increasing attention due to its potential for many important space applications [1] , such as investigation of planetary atmosphere, micro-gravity experiments, energy transmission, orbit maneuvers, orbit maintenances, and space formations as platform for interferometry. Recently multitethered satellite system has attracted researchers' attention and has been conceived for several space missions. The key characteristic making this system appealing is the lightness of tethers; thus the system could keep together or adjust its configuration with little fuel consumption, which would be beneficial for many space missions, especially for space remote interferometry. Moreover, the multitethered chain-type satellite system could provide the space remote interferometry with single-direction baselines and the objective of this research is to study the affecting factors of its deployment to obtain single-direction baselines.
A successful deployment of TSS is the prerequisite for space missions. Much attention has been paid to deployment of TSS and many space experiments were performed in order to investigate the dynamics of TSS and validate the control methods [2, 3] . Different kinds of methods were put forward to complete the deployment of TSS. A passive deployment procedure was proposed to bring a payload into a permanent locally vertical position [4] . Misra and Modi investigated the deployment and retrieval of TTS basing on a general dynamical model and figured out that the in-plane motion could be controlled by the deviation between the deployment rate of the undeformed tether and a commanded rate obtained by the state vector combining linearly [5] . An optimal control strategy of deployment of a tethered satellite system was developed and compared with free deployment and deployment method of Kissel's law [6] . Williams studied the optimal deployment and retrieval trajectories via numerical method under various optimality criteria and found the criteria incorporating the minimization of system accelerations is more appropriate [7] . Free and nonfree deployment of a space tether-net system were carried out numerically to study the dynamic behavior of the system during deployment [8] . Sun and Zhu developed a new fractional-order tension control law to deploy a space tether fast and stable [9] . Zakrzhevskii proposed a tether length control law based on the changeof-angular-momentum theorem to deploy a tethered space system along the local vertical [10] . Fruitful results of the dynamic and control of TSS have been obtained from the theoretical analyses, numerical and experimental validations. However, the interest of most researches was focused on a two-body tethered system, and less attention was given to the multitethered satellite system.
The nonlinear dynamics of multitethered satellite system is complicated. Most research about the multitethered satellite system was concentrated on the dynamics analysis of station-keeping phase. A general three-dimensional equation of motion of tethered -body systems was derived and the dynamic behavior during the station-keeping phase was investigated via numerical simulations [11] . The equilibrium configurations of a four-body tethered system and a tethered three-body system were obtained by Corrêa and Gómez [12] and Xu et al. [13] , respectively. The dynamic behavior of a multitethered satellite formation, given the tether mass, gravity gradient force, and tether tension, was analyzed by Avanzini and Fedi [14] and the effects of eccentricity on the dynamics of system were examined by them as well [15] . The equilibrium conditions of a triple-mass triple-tethered satellite system moving on a low Earth orbit were found and the stability is investigated [16] . Alary et al. focused their attention on the dynamics of a multitethered pyramidal formation and proposed a control strategy in order to stabilize the system [17] . The dynamic behavior of a three-body tethered satellite system was parametrically analyzed under several groups of initial satellite attitudes by Jung et al. [18] . To the author's knowledge, most attention was focused on the dynamics model and stability around the nominal position, that is, the equilibrium situation, and control methods, which intend to stabilize the system to the equilibrium position. However, there has been little research on the deployment strategy of multitethered satellite, which plays an important role in the tethered missions.
This paper intends to study the effects of separation strategies on the dynamic behavior of multitethered chaintype satellite system. The system consists of several satellites and tethers attached to them and could be divided into several elements, which only has two satellites and one tether. As a consequence, the deployment methods suitable for two-body system could be applied for the deployment of one element directly. However, the effects of deployment of one element on the dynamics of the system, which is an actual problem for the multitethered chain-type satellite system, is not investigated yet. Hence, the dynamic behavior of the system with different separation strategies will be studied in this paper.
To deploy the system along vertical or horizontal direction and obtain single-direction baselines, the dynamic equations of a multitethered satellite system are derived by means of Newtonian Method as the start in Section 2. Subsequently, the separation strategies and control method of deployment are given in Sections 3 and 4, respectively. Afterwards, the effects of the separation strategy and deployment rate on the dynamic behavior during deployment are parametrically analyzed in Section 5.
Dynamic Equations of Multitethered Chain-Type Satellite System
The multitethered satellite system is composed of several satellites connected by the means of tethers. Since the dimensional size of satellites is much less than the length of tether, the satellites are assumed as point masses, which means that the attitude of satellites is neglected in this paper. Meanwhile, the mass of tethers is far less than that of satellites. For simplicity and focusing attention on the effects of separation strategy on the deployment, the tethers are considered as massless and straight. Additionally, some sensible assumptions are made for the same purpose: (1) the center of mass of the system moves on a Keplerian orbit, (2) the perturbations such as atmospheric drag and Earth oblateness, are negligible, and (3) the eccentricity of the orbit is small and would not induce the system into chaos motion [19] . The dynamic behavior of the multitethered satellite system is depicted with respect to the orbital frame with its origin at the center of mass of the system, as shown in Figure 1 . The axis points outwards along the radial direction, axis is perpendicular to the orbital plane, coinciding with the direction of orbit angular velocity, and the axis completes a right-handed orthogonal triad. Since multitethered chain-type satellite system consists of satellites connected by − 1 tethers in a chain configuration, the dynamics of the model could be described by 3 generalized coordinates. Meanwhile, the center of mass of the system moves on a Keplerian orbit, which could be ascertained by the orbital dynamics; then the dynamic of system could be represented by 3( −1) generalized coordinates. In order that the control method of deployment could be conveyed conveniently with the generalized coordinates, the descriptive parameters of tether, that is, representing the length of th tether, depicting the librational angle from local vertical in orbital plane, and meaning the out-ofplane angle, are chosen to develop the dynamics model of the system.
The equations of motion for the system are formulated via a straightforward Newtonian approach. For connecting satellites and +1 , the vector form of it could be described as
where R denotes the position vector of with respect to Earth's center, and it could be written as
where R, r represent the vectors from Earth's center to the centroid of the system and the centroid of system to satellite , respectively. Since the origin of orbital frame is at the center of mass of system, then according to the material center theorem there has been
Moreover, the relation between position vectors of adjacent satellites with respect to centroid of system could be written as
Substituting (4) into (3) and performing some algebraic operations, the position vector of th satellite is represented as r = 1 (
where is the total mass of the system; that is, = ∑ =1 , = ∑ = . Project the th tether to the axes of the orbital frame :
The angular velocity of the orbital frame could be written as
where means the true anomaly of the center of mass of the system.
Hence, the two-order derivative of l with respect to time could be calculated:l 
Meanwhile, with (1) we could obtain
The acceleration of satellite is determined by the forces acting on it, as shown in Figure 2 .
According to Newton's Second Law, we havë
where G is the gravitational force and T is the tether tension due to the stretch of th tether. The gravitational force G could be obtained by
Substituting (2) and expanding (12) into a binomial series and then neglecting the terms of fourth and higher orders, which is negligible since r ≪ R, we could acquire
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The forces acting on satellite .
Then (11) could be rewritten as
The dynamic equations of satellite +1 are similar with , and by replacingR andR +1 in (10) with (14), one obtains another representation ofl :
Obviously, the two expressions ofl are equivalent. Hence, the right parts of both equations are equal and by some algebraic manipulations, we can obtain the dynamic equations for th tether: 
It is worthy to note that the dynamic equations above are the complete form for one tether. For the end tether ( = 1, ), the force T −1 or T +1 vanishes. The tether tension due to the stretch of tether could be obtained via Hooke's Law:
where is the modulus of elasticity and and are the deformation and unstrained length of th tether, respectively.
The instantaneous radius of the center of mass of the system and the orbital angular velocity could be obtained via the orbital kinematics:
Mathematical Problems in Engineering where is the semimajor axis of the orbital, is the eccentricity, and is the gravitational constant of Earth; here = 3.986 × 10 14 m 3 /s 2 . In addition, the angular acceleration of the orbit used in the dynamic equations could be got aṡ
It should be noted that the deployment phase is shortterm and the tethers used in this paper are not long, such that the 2 perturbations and atmospheric drag are excluded for the purpose of preliminary analysis of the effects of the separation sequences and deployment rate on the deployment. Additionally, the tensile elongation has been neglected during deployment since the variation of tether length is dominated by the deployment rate in this process. Once the tether length grows to the desired value, the deployment stops. Then the length of unstretched tether is fixed. If the tether length is bigger than the fixed value, the tether tension arises and could be approximately expressed as (19) . Otherwise, the tether is slack and the tether tension does not exist.
Separation Strategies of Multitethered Chain-Type Satellite System
In contrast to the two-body system, which only requires one separation to initialize the deployment, the multitethered system needs several separations to deploy all the satellites. There exist two approaches of the separations: (1) the satellites are ejected one by one; for instance, the satellite +2 is separated from +1 only after the accomplishment of the deployment of the th tether; (2) all the satellites are separated with their neighbors at the same moment. For the latter approach, if there exist some deviations from the prescribed separations it would lead to collisions between satellites due to the really small initial distance, which is the most undesirable situation for the space formation missions. Hence, if the simultaneous separation needs to execute, some modifications should be made to the second approach. To avoid the collision, only two satellites are ejected simultaneously and they should not be adjacent except for the first separation. The illustration of two approaches is seen in Figure 3 .
Actually, the ejection usually is carried out via spring mechanism and offers the initial velocity of the deployment [20] . However, it is adverse for the adjacent tether which is fully deployed already. Another separation approach could be achieved by the means of separation bolt with low impact [21] . The impact on the deployed tether of this method decreases comparing to the former approach while the initial deployment rate decreases as well. As a result, the selection of the separation strategy has an important role in the deployment of the system and we intend to figure out the effects of the different separation approach on the dynamic behavior of deployment for a multitethered chain-type satellite system. Both methods of separation are fulfilled by the internal force and the momentum conservation is effective before and after the separation. Assuming the separation between satellites +1 and , they move together with a velocity of v 0 before the separation and have the velocities of v 1 and v 2 , respectively, after the separation. For the ejection via spring mechanism, we obtain
wherel is the initial deployment velocity of the th tether, determined by the stored energy of springs and direction of the ejection.
Then the velocities after the ejection could be calculated:
For the latter approach, the velocity of satellite decreases dramatically after separation and is almost near zero due to the tether tension of ( − 1)th tether. Meanwhile, the velocity of satellite +1 remains unchanged. Then the initial deployment rate is obtained:
Control Method of Deployment
Tether deployment is one of the most important steps for the space tether missions. As mentioned before, there are many control laws of deployment proposed by the researchers. Here an effective and simple deployment method, which includes an exponential deployment phase, followed by a uniform velocity deployment and ending in an exponential manner again, is selected to focus attention on the study of the effects of separation strategy. According to [22] , the deploy speed for the th tether is expressed as follows:
where 0 and are the initial and desired length of th tether, 1 and 2 are the values where the deployment transitions from exponential rule to uniform instruction or vice versa, and is a positive constant selected with tryouts.
Fundamentally, the deployment of system could be implemented due to the gravitational gradient and centrifugal forces, both of which are determined by the distances of satellites with respect to the center of mass of system. However, at the beginning of the deployment the distance between satellites is very small and the gravitational gradient and centrifugal forces are trifling in comparison with the friction of the deployment mechanism, which is certainly adverse for the deployment. Moreover, the initial deploying velocity calculated by (25) is small as well and it would prolong the duration of the deployment. Hence, the deploy speed is modified and an extra velocity is provided by the means of separation:
The deployment of a three-body tethered satellite system is carried out with the control method of (25), which is similar with methods described in [18, 22] and (26), respectively. The former method is denoted as the first method while the latter one is regarded as the second method. The relevant parameters used are as follows:
The configurations of the system during the deployment are shown in Figure 4 . Only the motion in orbital plane of satellites is given as the components along the normal direction maintain zero during the deployment. The satellite 3 is deployed downwards along the local vertical and 1 heads off to the opposite trend. As depicted in Figure 4 (a), the system begins to spin around the centroid with the first method of deployment. On the contrary, the system turns into a pendulum motion when the deployment is completed in Figure 4(b) . One reason for this may be that a larger initial velocity makes the distance enlarge much faster, thus larger restoring force, that is, the summation of gravitational and centrifugal forces, is produced and drives the system swing back towards local vertical. The second method is superior to the former one, which drives the system into a rotation.
Numerical Simulation
The complex, coupled, and nonlinear dynamics of multitethered satellite system render the theoretical analyses impossible. In order to obtain the effects of separation strategies and deployment rate on the deployment for a multitethered chain-type satellite system, parametric analyses are performed via numerical simulations.
A three-body tethered satellite system is the simplest multitethered satellite system and could be deployed upwards and downwards simultaneously without any concern of collisions. This is a special case of multitethered system but could not represent multitethered chain-type satellite system whereas a four-body tethered system has the problems described as set forth in Section 3 during the deployment phase. Hence, a four-body tethered system is regarded as the representative of the multitethered chain-type system and is utilized to investigate the effects of separation strategy on the deployment. Additionally, a three-body tethered system is also used in spite of its peculiarity, and this would contribute to the understanding of the effects of the deployment rate on the dynamic behavior of deployment. As a result, both of them are employed to study these effects.
All the satellites are assumed to be identical with a mass of 200 kg, which is helpful to concentrate attention on the issues attractive. The motion of the center of mass of system is treated as unperturbed Keplerian with an eccentricity of 0.025 and semimajor axis as 6628 km. 
Effect of Deployment Rate on the Dynamic Behavior of
System. The nonlinear dynamic behavior of a three-body tethered satellite system is now numerically analyzed for two different deployment rates of the tethers, whose lengths are identical. Assuming the desired lengths of both tethers are 1 km, the relevant parameters of the system are selected as (27) and the deployment with that is called Case A.
Computer simulations are carried out and the numerical results except for the position of satellites, which has been shown in Figure 4 , are given in Figure 5 . The station-keeping phase after the deployment is also given to validate the efficiency of the selected parameters. Clearly, with the parameters chosen in (27), two tethers are deployed synchronously and the deployment finishes at 2072 s. Then, the system enters into station-keeping phase as shown in Figure 5 (a). As depicted in Figure 5(b) , the variations of in-plane angle of two tethers coincide during deployment, and the deviation of them is a sinusoidal wave caused by the tiny discrepancy at the end of deployment. The out-of-plane angles maintaining zero during all the procedure could be seen in Figure 5(c) , and the configuration during deployment is represented in Figure 5(d) . The configuration of system coincides with the distribution of satellites shown in Figure 4 (b) and the mid-satellite retains at centroid of the system. Since the out-of-plane angles are zeros all through, the motion besides the orbital plane does not exist and the motion of system could be confined into orbital plane, which can simplify the dynamic equations and help analyze the deployment theoretically. Thus, the equation of in-plane angle in (16) is rewritten as
Through (28), it could be concluded that the in-plane angle of th tether is affected by its length, deployment rate, in-plane angles, tether tensions, and initial value. After setting the orbit of the system and initial separation parameters, the deployment rate plays a key role in the in-plane motion of system. To confirm that, another numerical simulation is carried out with the identical initial parameters of the system while the parameters related to deployment rate are as follows:
The in-plane motion of deployment with control parameters described in (29) is denoted as Case B. The numerical simulations are shown in Figure 6 . It is worthy to note that if the initial out-of-plane angle is zero, then the out-of-plane angle would always be zero. Hence, the figures of out-ofplane are omitted hereafter. In this situation the deployment rates of tethers are not identical any more. Figure 6(a) shows that the second tether finishes its deployment faster than the first tether. Hence the first tether is not aligned with the second tether and the position of 2 does not coincide with centroid of system due to the distinct length of two tethers during the deployment, as shown in Figures 6(d) and 6(c), respectively. The in-plane motions of tethers are not synchronous either and the deviation of the two in-plane angles experiences a sinusoidal-like variation. Additionally, both two angles exceed 90 ∘ during the station-keeping phase, which is undesirable for space missions.
Comparing Figures 5 and 6 , we could conclude that for the a three-body tethered satellites system with identical distance between satellites, if the initial states of two tethers for deployment are identical thus the control parameters should be equal as well, such that the in-plane motion of two tethers is synchronous, which is beneficial for the missions. As for the system with two distinct tethers, the related parameters of both tethers should be proportional to desired length of them to obtain a symmetrical in-plane motion of two tethers since the in-plane motion is essentially driven by the deployment rate, as described in (28). For a system with two tethers of 1 km and 500 m, that is, 1 = 1 km, 2 = 500 m, the parameters should be designed as 
The numerical simulation of this case is carried out to validate the analysis and dynamic behavior of in-plane motions are similar with Figure 5 except for the length variation of tethers. For brevity, the figure of simulation results is omitted here.
Effect of Separation Strategy on the Dynamic Behavior of
System. As mentioned before, a four-body tethered satellite system is more representative for multitethered satellite system than a three-body tethered system, as it could not be initialized by one separation. The separation strategy plays an important role in the deployment of a four-body tethered chain-type satellite system. Therefore, the numerical simulations of the deployment for a four-body tethered chain-type satellite system are performed to investigate its effect.
Upon the results of the deployment of the three-body tethered system, a four-body tethered satellite system separated simultaneously is deployed via numerical method.
Firstly, the system is split into two identical parts via spring mechanism, and each part includes two satellites. The system during this period could be regarded as a two-body tethered system. After the tether connecting these two parts is totally deployed, each part will separate into two satellites along the direction of the tether. There are two approaches of separation, which have been expressed in Section 3. The dynamic behaviors of both separation approaches are numerically performed to investigate their effects on the deployment. According to the process of the deployment, the deploy sequences of tethers could be described as 2 → 1, 3. The second separation initializing the deployment of tethers 1 and 3, via spring mechanism, is denoted as Case C, and the other approach by separation bolt is called as Case D. The four-body tethered system includes the three-body tethered system mentioned above and another satellite, whose mass is also 200 kg, joining the three-body tethered system via a 1 km tether. Moreover, the semimajor axis and eccentricity of the orbit of centroid of system are also 6628 km and 0.025. The initial parameters of the system after the first separation and the parameters relevant to control are given as follows: 
When the 2nd tether is fully deployed, the second separation is implemented via spring or separation bolt, corresponding to Cases C and D, respectively. The subsequent state of system for the two cases could be determined by (23) and (24) and it is worthy to note that the initial lengths of these two tethers are obtained by assuming that they have deployed for 2 s with the initial velocity along the separation direction. The numerical simulations of these two cases are shown in Figures 7 and 8 .
The dynamic responses of a four-body tethered satellite system separated via spring mechanism twice are depicted in Figure 7 . The second separation has an evident effect on the fully deployed 2nd tether, as shown in Figure 7 (a). It induces a longitudinal oscillation, which could be seen from the lager image, due to the velocity of satellites 2 and 3 obtained from the separation. The in-plane motion of system during deployment and after could be viewed from Figures 7(b) and 7(c), which correspond to the inplane angle of tethers and distribution of satellites in orbital plane, respectively. The in-plane angles of 1st tether and 3rd tether vary consistently after the separation. However, inplane angles of all the tethers continually increase, which lead to a rotation around the centroid of the system and the two outside tethers move symmetrically. The configuration of the system during deployment could be seen in Figure 7(d) , and the 2nd tether is not plotted after the second separation to display the configuration during the first phase. Clearly, at the end of the deployment, the tethers almost align along the horizontal line, and with the rational speed of tethers at that moment, the system could go across the horizontal line without control, which will raise a rotation of the system.
The dynamic motions responding to the approach of separation bolt are given in Figure 8 . Similar to the above results, the 1st and 3rd tether swing synchronously in the orbital plane. Hence the deviations of in-plane angle between them and 2nd tether are opposite, as plotted in Figure 8(b) . Unlike the first separation approach, the satellite 2 and 3 get no extra velocity from the separation. Therefore, comparing to Figure 7(a) , the deployment of 1st and 3rd tether take more time since the smaller initial velocity obtained from the separation, which is shown in Figure 8(a) . Moreover, the longitudinal oscillation of 2nd tether is weaker but with a higher frequency determined by the tether material, as shown in the close-up. The configuration of system in Figure 8(d) shows that at the end of the deployment the 1st and 3rd tether already start to swing back to the local vertical, and they will move like a pendulum after the deployment without any control, which can be seen in Figure 8 (c).
Comparing these two separation approaches, the system completes deployment faster with the former method but will enter a state of rotation without control, which is undesirable for the space missions. In contrast, the system costs more time using the latter approach and will be in a simple pendulum motion in the state-keeping phase. Though, the system could be controlled to align the vertical line after the deployment no matter which one is chosen. However, the approach of separation bolt is more attractive from the energy consumption point.
As follows, the other separation strategy, that is, splitting successively, is also performed via numerical simulations. Similarly, the system is separated into two parts and 1 separates from other satellites to achieve the deployment of the 1st tether. Then when the 1st tether grows to the desired length, 2 divorces from the retained satellites by spring mechanism or separation bolt. Subsequently, 3 
The dynamic behavior corresponding to Case E is given in Figure 9 . The longitudinal oscillation of 1st tether induced by the separation could be seen in Figure 9 (a) and there is almost no damping without control. The in-plane motion of system during deployment could be figured out by Figures 9(b) , 9(c), and 9(d). It is worthy to note that only the 3rd phase of configuration transformation of system during deployment is depicted and the 2nd tether is denoted by the yellow dot and dash line distinct from other two tethers for clarity. The in-plane angles of tethers continually increase during and after the deployment, and consequently a rotation is raised, which is consistent with Figure 9 (c). However, the two outside tethers, 1st and 3rd tether, do not rotate synchronously since the deviations of in-plane angle between them and 2nd tether are not equal during and after the deployment. Hence, the rotation of system is not regular and the orbits of satellites around the center of mass of system are not circular either, which could be seen from Figure 9 (c). Moreover, it is clear that the system has already rotated in the 3rd phase of deployment, as shown in Figure 9 (d).
The dynamic behavior of Case F is represented in Figure 10 . As no extra velocity of satellites linked by the 1st tether obtained from the separation, the longitudinal oscillation of 1st tether is not affected by the separation. Meanwhile, the time consumption of the deployment is longer, which is clearly shown in Figure 10(a) . The in-plane angle of deploying tether tends to follow the variation trend of the deployed tether, but the variation ranges of in-plane angle of tethers are not the same, which leads to the distinct deviations between them, as seen in Figure 10(b) . However, all of them are less than 90 ∘ which could assure the exclusion of the rotation and the result of Figure 10 (c) is consistent with that conclusion. The configuration during the 3rd phase of deployment could be seen as an increasing pendulum, and the tethers swing back to local vertical in the station-keeping phase. But without damping control, neither the longitudinal oscillation of tethers nor the in-plane motion could be eliminated. After parametric analyses, the effects of separation strategy on the deployment of multitethered chain-type tethered satellite system could be concluded and the results are as follows: (1) the simultaneous separation method could effectively decrease the time consumption of the deployment, (2) the dynamic behavior of the system separated by virtue of spring mechanism is unprofitable as rotation of system after deployment while the system split by separation bolt ends in a simple pendulum motion, which is better. The latter result could be explained as that the velocity of satellites enlarges by spring mechanism, which will increase the rotational speed of them as well, and the large rotational speed at the end of deployment could make the system into rotation.
Conclusions
This paper investigates the effects of separation strategy and deployment rate on the dynamic behavior of multitethered
